We estimated the ploidy level of 45 pot carnation cultivars by means of flow cytometry (FCM). The results strongly suggested that 27 cultivars are diploid, 3 are triploid, and 15 are tetraploid. To verify the actual ploidy levels, we counted chromosome numbers in the root tips of one cultivar at each ploidy level. This revealed that 'Camille' was diploid, 'Baby Heart' was triploid, and 'Tula' was tetraploid. Our results suggested that the ploidy level varies among pot carnation cultivars. We analyzed the genotypes of 32 cultivars by using five simple sequence repeat (SSR) markers to estimate the correspondence with FCM ploidy levels and to analyze genetic diversity. Ploidy estimated from the maximum number of alleles per locus corresponded with that estimated by FCM among diploid and triploid cultivars, but not among tetraploids. Among diploid pot cultivars, we found only three or four alleles per locus, and most alleles were common to diploid cut cultivars. On the other hand, triploid and tetraploid pot cultivars had four to eight alleles per locus, and most were unique to given ploidy levels. SSR analysis suggested that diploid pot cultivars were derived from cut cultivars, while triploids and tetraploids were produced by crossing wild Dianthus spp. and similar genetic resources. In total, 30 pot cultivars with different ploidy levels could be successfully identified from the genotype of five SSR markers.
Introduction
Carnation (Dianthus caryophyllus L.) is one of the most important ornamental plants around the world. Today's carnation cultivars are grouped into two main categories: "cut" and "pot" for use. Cut carnation can also be grouped into phenotypical categories: "standard" (one flower per stem) and "spray" (multi-flowers per stem). Recently, pot carnations have become increasingly popular in Japan as gifts for Mother's Day. The natural dwarf habit, wide range of colors, and notched flowers have helped this group to gain popularity as pot plants in Japan. To meet the demand for these flowers, the breeding of pot carnation cultivars is flourishing: about 5.1 million pots were sold on the wholesale ornamental market in Japan in 2007 (A report of wholesale ornamental markets in 2007. Ministry of Agriculture, Forestry and Fishery of Japan, 2008) .
Dianthus comprises more than 300 species, including carnation. Dianthus has a basic chromosome number of x = 15, and wild Dianthus species are classified into diploid (2n = 2x = 30), tetraploid (2n = 4x = 60), and hexaploid (2n = 6x = 90) (Itoh et al., 1994) . Previously, we estimated that most (297 of 304) cut carnation cultivars were diploid (Yagi et al., 2007) ; however, no information is currently available about the ploidy levels of pot carnation. Knowledge of ploidy levels is useful for determining the potential crossing compatibility and for drawing inferences about the origin of cultivars and lines.
Although microscopic counting of chromosomes in root tip cells has conventionally been used to determine the ploidy level of a cultivar, this process is laborious and time-consuming because of the small size of the chromosomes in Dianthus spp. (Gatt et al., 1998) . Flow cytometry (FCM) has been used to determine ploidy levels in a number of plant species, such as Hemerocallis (Saito et al., 2003) , Asparagus (González Castañón and Schroeder, 2002) , Colchicaceous ornamentals (Amano 336 et al., 2007) and Japanese persimmon (Yamada and Tao, 2007) . In the present study, we investigated the ploidy levels of 45 pot carnation cultivars using FCM.
Molecular markers have been used to identify several carnation characteristics that control flower type Scovel et al., 1998) , disease resistance (Onozaki et al., 2004; Scovel et al., 2001; Yagi et al., 2006) , and flower color (Yagi et al., 2008) . Microsatellite or simple sequence repeat (SSR) markers are becoming the markers of choice for molecular characterization of different plant species because of their abundance, high polymorphism, codominance, ease of detection, and transferability between studies (Taamalli et al., 2007) . Although 16 SSR markers have already been developed for carnation (Smulders et al., 2000 (Smulders et al., , 2003 , this number remains limited in the context of the identification of cultivars and the confirmation of hybrids; therefore, we recently developed 13 new SSR markers from enriched genomic libraries for carnation (Kimura et al., 2009) .
Moyal-Ben Zvi and Vainstein (2007) proposed that pot carnations were derived from crosses between D. chinensis and D. barbatus, but there is little supplemental literature on breeding processes in pot carnation; therefore, the origin and genetic background of pot carnation remain unclear. Improving our understanding of the relationships among pot carnation cultivars and the differences between pot and cut cultivars is important if breeders are to effectively utilize genetic variability. In the present study, we analyzed 32 pot cultivars with different ploidy levels and 12 cut cultivars using five SSR markers developed in our laboratory. We also investigated the potential for estimating ploidy levels using these SSR markers.
Materials and Methods

Estimation of ploidy levels by means of FCM
We analyzed 45 pot carnation cultivars derived from five distributors (Table 1) . These were grown in a glasshouse at the National Institute of Floricultural Science under standard growing conditions for the species.
Immature young leaves were sampled from each cultivar. Sample tissues (ca. 1 cm) were chopped with a razor blade in 500 μL solution A (Plant High Resolution Staining for Plant DNA Analysis, Partec GmbH, Münster, Germany) in a Petri dish. After filtering the leaf suspension through 50-μm nylon mesh, 1.25 mL of a staining solution containing the dye 4,6-diamidino-2-phenylindole-2HCl (DAPI, solution B from the Partec kit) was added. After staining for 5 min at room temperature, DAPI fluorescence intensities of the suspensions were measured using the Partec Ploidy Analyser PA (Partec GmbH). The instrument gain was first adjusted so that the fluorescence intensity of nuclei isolated from cv. 'Francesco' was located around channel 50. This calibration was repeated after roughly every 10 samples. We chose 'Francesco' because counting chromosome numbers in the root tips showed it to be a diploid cut cultivar (Yagi et al., 2007) . Within each sample, we analyzed 5000 particles (total count). The measurement of each cultivar was replicated twice and the values were averaged. Relative nuclear DNA contents of each cultivar were calculated from the fluorescence intensity by means of FCM, with the value for 'Francesco' normalized to 1.00.
Chromosome counting in root tips
To verify the actual ploidy level, we counted chromosomes in root tip cells of three cultivars distinguished by FCM: 'Camille' (diploid), 'Baby Heart' (triploid), and 'Tula' (tetraploid). Root tips (1 to 2 cm long) were sampled from rooted cuttings and were fixed in ethanol : acetic acid (3 : 1, v/v) at 4°C before observation. After the root tips were hydrolyzed with 1 N HCl: 45% acetic acid (2 : 1, v/v) at 60°C for 30 s, they were stained with 2% acetocarmine on a slide glass in plastic dishes filled with 45% acetic acid. After the root tips were wiped to remove excess acetocarmine, they were flattened under a cover glass. At least three root tips per cultivar were observed under a light microscope at 1000 × magnification (AX70, Olympus, Tokyo, Japan).
SSR analysis
We analyzed the 32 pot cultivars (15 diploid, 2 triploid, and 15 tetraploid) and 12 cut cultivars (8 standard and 4 spray types) using the five SSR markers shown in Table 2 (CB004a, CB018a, and CB026a, from Kimura et al., 2009; CF001 and CB008, unpublished) . Each marker was located in a different linkage group in a previously reported genetic map . PCR amplification was performed according to the method of Kimura et al. (2009) . In each primer set, the forward primer was labeled with a fluorescent chemical (Fam, Vic) , and the reverse primer was extended with a pigtail (gtttctt) sequence (Brownstein et al., 1996) . Amplification was performed as follows: 94°C for 2 min, followed by 35 cycles at 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min, and followed by 72°C for 7 min. PCR products were separated and detected in an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, CA, USA). The size of the amplified bands was determined from a DNA internal standard (400HD-ROX, Applied Biosystems) using GeneScan software (Applied Biosystems).
Statistical analysis
We constructed a phenogram for the 15 pot and 12 cut diploid cultivars by the unweighted pair-group method with arithmetic averages (UPGMA) and J & C coefficients using NTSYS-pc software, ver. 2.11 (Exeter Software, NY, USA).
Results
Estimation of ploidy levels by FCM
We analyzed the 45 pot cultivars in Table 1 by means of FCM. 'Francesco' was the leading red cut cultivar in Japan in 2003 , and in a previous study we confirmed that it is diploid cultivar (2n = 2x = 30) by counting chromosomes in the root tips (Yagi et al., 2007) . In the present study, we calculated the relative nuclear DNA contents of each cultivar from the fluorescence intensity by means of FCM, with the value for 'Francesco' normalized to 1.00. The frequency distribution of the relative nuclear DNA contents clearly classified the cultivars into three groups (Table 1 and Fig. 1 ): relative nuclear DNA contents of 0.89 to 1.05 (group 1), 1.55 to 1.62 (group 2), and 1.96 to 2.35 (group 3). Because the 27 cultivars belonging to group 1 had nearly the same values as 'Francesco', these cultivars were considered to be diploids. Similarly, the cultivars belonging to groups 2 and 3, which had almost 1.5 and 2 times the values of 'Francesco', respectively, were considered to be triploid and tetraploid cultivars.
Counting chromosome numbers in the root tips
To verify the actual ploidy levels, we counted chromosomes in the root tip cells of three cultivars representing different ploidy levels (Fig. 2) . 'Camille', from group 1 with a relative nuclear DNA content of 0.98 had 2n = 30; 'Baby Heart', from group 2 with a relative DNA content of 1.55 had 2n = 45; and 'Tula', from group 3 with a relative DNA content of 2.28 had 2n = 60. As the basic chromosome number in carnation is x = 15, the actual ploidy levels were consistent with the FCM results. 'Camille', 'Baby Heart', and 'Tula' were thus confirmed to be diploid (2x), triploid (3x), and tetraploid (4x), respectively. These results strongly suggest that the cultivars belonging to groups 1, 2, and 3 were diploid, triploid, and tetraploid, respectively.
SSR analysis
SSR analysis of 32 pot cultivars was conducted using the 5 markers shown in Table 2 . The number of alleles ranged from 4 to 9 per marker, for a total of 33 alleles Table 2 . Characteristics of SSR loci.
z Linkage groups were determined by Yagi et al. (2006) . y PCR product size was determined from the sequences of the clone isolated from 'Francesco' or 'Barbara'. x Lower-case letters (gtttctt) represent the pigtail sequence (Brownstein et al., 1996 Table 1 , estimated from the relative fluorescence compared with 'Francesco' (a diploid cultivar with a normalized fluorescence value equal to 1.00).
at the 5 SSR loci (Table 3 ). Diploid cultivars identified by FCM had 1 or 2 alleles at all 5 SSR loci. Triploid and tetraploid cultivars identified by FCM had 3 or more alleles at some loci. For example, triploid 'True Love' had 3 alleles (155, 157, and 161 bp) at CB004a. Tetraploid 'A26200-01' had 4 alleles (91, 98, 102, and 104 bp) at CF001. The maximum number of alleles per locus determined by SSR analysis appears to reflect the ploidy level at various loci if the marker is located on the one locus and if all alleles at the locus are heterozygous. The ploidy levels estimated by SSR analysis are shown in Table 3 . Among all diploid and triploid cultivars, the ploidy levels estimated by FCM were consistent with those estimated by SSR analysis. Among tetraploids, 4 cultivars had the same ploidy levels in both analyses, but the other 11 cultivars were incorrectly predicted to have lower ploidy by SSR analysis. None of the ploidy levels estimated by SSR analysis were greater than those estimated by FCM.
To clarify the genetic background of the pot carnation cultivars, we presented the detected alleles using the five SSR loci in Table 4 as a function of the ploidy levels of cut and pot carnation cultivars. As all cut cultivars investigated in this study were diploids, we compared diploid cut cultivars with diploid pot cultivars ( Table 4 ). The number of alleles at each locus in pot diploid Table 3 . Genotypes of 32 pot cultivars at the five SSR loci (described in Table 2 ) and the ploidy levels estimated by SSR analysis. Allele size is given in bp.
z Abbreviations represent the distributors listed in cultivars ranged from three to four, whereas that of cut diploid cultivars ranged from one to seven. One to three alleles were found in both groups of cultivars at each SSR locus. We constructed phenograms using the UPGMA method with J & C coefficients (Fig. 3) . Pot and cut carnations were not clearly separated in the Fig. 3 . Phenogram of the 27 genotypes of diploid pot and cut carnation cultivars. The phenograms were produced using the UPGMA method with J & C coefficients. Cut carnation cultivars are underlined. ST, standard type; SP, spray type. Table 4 . Different carnation alleles identified using the five SSR loci in Table 2 . Allele size is given in bp.
z Bold and italic values represent alleles found in both cut and pot diploid cultivars. y Underlined values represent unique alleles in pot polyploid cultivars.
phenogram, and cut cultivars were divided into two groups. One group ('Koreno', 'Super Gold', and 'Bridal White') represented the spray type of cut carnation. The other group mostly comprised standard cultivars, except for 'Barbara'. 'White Sim' and 'U Conn Sim' were both clustered at distance zero (Fig. 3 ) and both were bud mutants derived from 'William Sim'. On the other hand, pot carnations were scattered throughout the phenogram. This clustering did not appear to relate to the breeder or distributor of the cuttings (Fig. 3) . The number of alleles per locus ranged from 4 to 8 in triploid and tetraploid pot cultivars (Table 4) . Comparing these cultivars with diploid pot carnations, we found that the number of alleles was the same at loci CB008 and CB018a and was more than twice the diploid value at CF001, CB004a, and CB026a. The number of unique alleles in triploid and tetraploid pot cultivars was four at locus CF001, six at CB004a, none at CB008, one at CB018a, and two at CB026a (Table 4 ). The diversity of the alleles was largest at CB004a (Table 2) .
In this study, 30 of the 32 pot cultivars with different ploidy levels and 10 of the 12 cut diploid cultivars had different genotypes, with the exception of the pair 'Camille' and 'Camille Pink' and the pair 'White Sim' and 'U Conn Sim' (Table 2 and Fig. 3 ). As noted above, 'White Sim' and 'U Conn Sim' were both bud mutations. 'Camille' is also a bud mutation derived from 'Camille Pink'.
Discussion
Estimation of ploidy by FCM has the advantages of accuracy, convenience, simplicity, low cost, and speed compared with conventional chromosome counting, and thus allows the analysis of many samples within a short period of time. In the present study, we examined the applicability of FCM for estimating the ploidy level of pot carnation cultivars. We determined that 27 of the cultivars were diploid, 3 were triploid, and 15 were tetraploid (Table 1) . The actual ploidy levels of representative cultivars in these groups were confirmed by counting the number of chromosomes in the root tips (Fig. 2) . This is the first report determining the ploidy level of pot carnation cultivars.
Our previous study estimated that 297 of 304 cut carnation cultivars were diploid, and that only 7 were triploid or tetraploid (Yagi et al., 2007) . In contrast, the present study revealed many triploid and tetraploid pot carnation cultivars. Yamaguchi and Kakehi (1985) produced tetraploid cut carnation lines by means of colchicine treatment. Their tetraploid lines had larger flower diameters, more petals, greater leaf weights, larger stem diameters, and various other differences, but productivity (number of cut flowers) decreased markedly as a result of growth retardation and delayed flowering . In triploid or tetraploid pot carnations, we did not observe this growth retardation, although flower diameter appeared to be smaller than in diploid pot cultivars (data not shown). 'Rodin' and 'Flamingo' are tetraploid cultivars with bull's-eye flowers, and 'Rodin' and 'Castel' have a deep, dark red color. These flower characteristics are similar to those of wild Dianthus species.
In our SSR analysis, triploid and tetraploid pot cultivars had several unique alleles not found in pot and cut diploids at four of the five SSR loci analyzed (Table 4) . In particular, all triploid and tetraploid cultivars had at least one unique allele at locus CB004a (Table 2) . Dianthus has different ploidy levels, and most of the 99 tested Dianthus accessions were found to be hexaploid (Ushio et al., 2002) . Wild Dianthus are easily crossed (Hamilton and Walters, 1989) . These results suggest that pot carnations, such as triploid or tetraploid, were produced by crossing wild Dianthus spp. with different ploidy levels.
Moyal-Ben Zvi and Vainstein (2007) reported that pot carnations were derived from crosses between D. barbatus and D. chinensis. Mehlquist (1945) reported that D. chinensis was triploid (2n = 4x = 60). Darlington and Wylie (1955) reported that D. barbatus was diploid (2n = 2x = 30) and D. chinensis was diploid (2n = 2x = 30) or tetraploid (2n = 4x = 60). Some dwarf-type carnations, called "border carnations", were bred in England during the 18th and 19th centuries and used in flower beds and rock gardens (Fujioka, 1983) . Because border carnations had a dwarf growth habit, it is possible that they contributed to the breeding of the modern pot carnations; however, the ploidy levels of border carnations are not yet known.
As pot carnations are enjoyed for their own sake, the deterioration of flower quality resulting from crossing with wild Dianthus, such as softening of stems or increased numbers of lateral shoots, is not supposed to be a serious problem compared with similar changes in cut carnations. We suppose that breeders consider the creation of a new flower color or a new flower type to be a more important characteristic in breeding. As a result, wild Dianthus and border carnations were thought to be more powerful tools for breeding novel pot carnations. The SSR alleles of wild Dianthus and border carnations were not investigated in the present study, so further studies are needed to clarify the origin of the unique SSR alleles found in triploid and tetraploid cultivars.
We used five SSR markers in the cut cultivars in this study. Using these markers, we were able to distinguish 30 of 32 pot cultivars with different ploidy levels and 10 of 12 cut cultivars (excluding bud mutants; Table 3 and Fig. 3 ). These results suggest that these five markers are useful for cultivar discrimination in both cut and pot carnations.
The phenograms constructed by means of UPGMA with J & C coefficients did not clearly separate diploid cultivars (Fig. 3) . Cut and pot diploid cultivars therefore appear to have common genetic backgrounds.
We previously evaluated genetic variation in cut carnation cultivars, including 23 standard types and 18 spray types, using 13 SSR markers. The results showed no distinct genetic differences between these two types (Kimura et al., 2009) . In the present study, spray-and standard-type cut cultivars were separated into two groups, with the exception of 'Barbara' (Fig. 3) ; however, the relative positions in the clusters were similar to those in our previous report (Kimura et al., 2009) . Adding the markers and cultivars for analysis were supposed to resolve this contradiction. We hypothesize that spray and standard cultivars have been hybridized at some point in their breeding history, and are thus genetically related. These suggestions are reasonable because Vainstein et al. (1991) reported that spray carnations appear to have originally been selected from a population of standard carnations. These suggest that pot, spray, and standard diploid carnations have common and close genetic backgrounds. Accordingly, we hypothesize that diploid pot cultivars were derived from cut cultivars.
In this study, the ploidy levels estimated by FCM were consistent with the ploidy levels estimated by SSR analysis among all diploids and triploids; however, only 4 of 15 tetraploid cultivars were consistent between FCM and SSR analyses ( Table 2 ). The five SSR markers used in this study were previously mapped to genetic linkage maps , indicating that these markers were each truly located at a single locus. None of the numbers of alleles was greater than the number expected based on ploidy levels. If all alleles at one locus were heterozygous, the number of alleles revealed by SSR analysis would be expected to reflect the ploidy level; however, if some alleles at one locus were homozygous or null, the number of alleles detected by SSR analysis would be less than predicted from actual ploidy levels. This may explain why the ploidy levels estimated by SSR analysis were less than those estimated by FCM in 11 of the 15 tetraploids. Our results suggest that estimation of the ploidy levels based on the maximum number of alleles per locus detected using these five markers would be difficult; however, the probability of successfully estimating ploidy levels by SSR analysis would be increased by using highly polymorphic markers in pot carnations, such as CB004a. Thus, future research should attempt to identify such markers.
In this study, we investigated the diversity of ploidy levels and alleles in pot carnations by FCM and SSR analysis, and revealed many triploids and tetraploids in the pot carnations. Ploidy levels are useful for determining the compatibility of cultivars for crossing and drawing inferences about their origin. DNA analysis can contribute to clarifying the classification of cultivars by defining the genetic relations between them. We believe that this information will stimulate breeders to develop new pot and cut carnations.
